1.. Introduction {#sec1}
================

1.1.. Protein glycosylation {#sec1.1}
---------------------------

Carbohydrates, often referred to as glycans, play an im­portant role in many biological and biochemical processes, ranging from protein folding to a variety of recognition events, many of which are of immunological importance (Varki *et al.*, 1999[@bb130]; Helenius & Aebi, 2001[@bb38]; Ohtsubo & Marth, 2006[@bb92]). Of the co-translational and post-translational modifications of proteins, such as phosphorylation, glycosylation or acetyl­ation, glycosylation is probably by far the most common and the most complex (Helenius & Aebi, 2001[@bb38]; Charlwood *et al.*, 2001[@bb16]). Glycosylation is classified by the way the carbohydrate chain is linked to the protein. The best understood subclass is *N*-glycosylation, in which the glycans are linked to the N^δ2^ atom of an Asn side chain. A prerequisite for *N*-glycosylation is the sequence motif Asn-Xaa-Ser/Thr (where Xaa can be any amino acid except for Pro), the so-called sequon (Marshall, 1972[@bb83]). This motif is found in about two-thirds of all proteins (Apweiler *et al.*, 1999[@bb3]). For *O*-glycosylation, which occurs when a glycan chain is linked to an O atom of a free hydroxyl group (mostly of a Ser or Thr side chain), no such consensus sequence motif is known (Julenius *et al.*, 2005[@bb53]). Not all of the potential glycosylation sites are actually occupied in nature, but nevertheless more than 50% of all proteins in nature have been estimated to be glycosylated (Apweiler *et al.*, 1999[@bb3]). Protein glycosylation fulfils a variety of roles. The glycan chains alter the properties of the proteins to which they are attached, making them more soluble (Jones *et al.*, 2005[@bb52]) and protecting them from proteolysis (Garner *et al.*, 2001[@bb32]; Indyk *et al.*, 2007[@bb45]), and also influence protein stability (see §[](#sec1.2){ref-type="sec"}1.2). Furthermore, they serve as recognition motifs in protein trafficking (Guo *et al.*, 2004[@bb33]; Shi & Elliott, 2004[@bb117]; Hart *et al.*, 2007[@bb36]) or to mark proteins for clearance from circulation (Ashwell & Harford, 1982[@bb4]; van Rensburg *et al.*, 2004[@bb104]; Jones *et al.*, 2007[@bb51]). Hereditary dysfunctions in the glycosylation machinery, called congenital disorders of glycosylation (CDG), lead to severe phenotypic problems (Jaeken & Matthijs, 2001[@bb47]; Ye & Marth, 2004[@bb142]; Freeze, 2006[@bb30]).

Carbohydrates differ from proteins in two important features. The first difference is found in the primary structures. The number of different building blocks available, the monosaccharides, is much larger than the number of different amino acids (Berteau & Stenutz, 2004[@bb9]) and the monosaccharides can be linked in various ways, with the possibility of forming branched structures (Schachter, 2000[@bb111]). In a recent analysis of various carbohydrate databases, about three-quarters of all entries contained at least one branching position (Werz *et al.*, 2007[@bb135]). Therefore, carbohydrate chains are usually displayed as a tree-like two-dimensional graph. In glycobiology, the term 'structure' is mainly used to describe such a two-dimensional graph and not, as in crystallography, the three-dimensional structure of a molecule. To avoid confusion, the simple term 'structure' is avoided in this article. Instead, 'primary structure' and 'three-dimensional structure' are used to distinguish between 'structure' in the glycobiological sense and 'structure' in the crystallographic sense, respectively.

The second major difference between carbohydrates and proteins lies in their biosynthesis. Unlike proteins, the glycans are indirectly encoded in the genome (Varki *et al.*, 1999[@bb130]). Depending on the tissue, the developmental age and the health/disease state of a cell, different glycosyltransferases, the enzymes that build the glycans in a non-template-driven fashion, are expressed (Kornfeld & Kornfeld, 1985[@bb60]; Schachter, 2000[@bb111]; Esko & Selleck, 2002[@bb27]; Ohtsubo & Marth, 2006[@bb92]). This results in different primary structures of the glycans and thus allows a 'fine-tuning' of proteins (Helenius & Aebi, 2001[@bb38]; Drescher *et al.*, 2003[@bb24]).

The glycan chains found on a protein do not only differ between different organisms, tissues or cells, but various different glycans can also be present on one type of protein in one single cell, tissue or organism (Rudd & Dwek, 1997[@bb107]). The resulting isoforms of the protein are called glycoforms (Parekh *et al.*, 1987[@bb95]). The GPI-anchored protein CD59, for example, consists of a heterogeneous mixture of more than 120 glycoforms (Rudd *et al.*, 1997[@bb108]).

1.2.. Influence of glycosylation on protein folding and conformation {#sec1.2}
--------------------------------------------------------------------

N-linked glycans can affect the protein structure in two capacities. Firstly, *N*-glycosylation occurs co-translationally and plays an important role during the folding process and in the detection of incorrectly folded proteins in the calnexin--calreticulin cycle (reviewed in Parodi, 2000[@bb96]; Schrag *et al.*, 2003[@bb112]; Molinari, 2007[@bb88]). Secondly, the glycan chains have a stabilizing effect on the structure of the mature protein (Wormald *et al.*, 1991[@bb138]; Live *et al.*, 1996[@bb71]; van Zuylen *et al.*, 1997[@bb145]; Imperiali & O'Connor, 1999[@bb44]; Bosques *et al.*, 2004[@bb11]). Glycans attached to peptides decrease the conformational mobility of the peptide backbone (Bailey *et al.*, 2000[@bb5]). The degree of thermal stabil­ization depends on the position of the glycosylation sites, but only weakly on the size of the glycan chains (Shental-Bechor & Levy, 2008[@bb116]). In some cases, glycosylation can have such an impact on stabilizing the protein conformation that in the absence of the glycan chain, receptors no longer properly interact with their ligands, even though the glycosylation site is located opposite the ligand-binding site (see §[](#sec2.1){ref-type="sec"}2.1). Contradictory results have been found for the effect of *O*-glycosylation on peptide stability. While *O*-glycosylation can increase the stability of helices in peptides (Palian *et al.*, 2001[@bb94]), there are also studies that have reported a destabilizing effect of *O*-­glycosylation on some peptides (Vijayalekshmi *et al.*, 2003[@bb132]; Spiriti *et al.*, 2008[@bb123]).

1.3.. Protein--carbohydrate interactions {#sec1.3}
----------------------------------------

In addition to their impact on glycoproteins, carbohydrates play an important role in a variety of cell--cell and cell--matrix interactions (Lis & Sharon, 1998[@bb70]). Glycans on cell surfaces are already involved in many important metabolic processes in the early development of an organism, such as fertilization (Rosati *et al.*, 2000[@bb105]; Diekman, 2003[@bb23]) and cell differentiation and maturation (Moody *et al.*, 2001[@bb89]; Haltiwanger & Lowe, 2004[@bb35]; Lau *et al.*, 2007[@bb66]). Later on, they participate, for example, in processes such as apoptosis (Martinez *et al.*, 2004[@bb84]; Tribulatti *et al.*, 2007[@bb129]; Suzuki & Abe, 2008[@bb126]), blood clotting (Tenno *et al.*, 2007[@bb128]), inflammation (Brinkman-van der Linden *et al.*, 1998[@bb12]; Sharon & Ofek, 2000[@bb114]), host--pathogen interactions (Smith & Helenius, 2004[@bb121]; Lehr *et al.*, 2007[@bb68]), the immune response (Kogelberg & Feizi, 2001[@bb57]; Klement *et al.*, 2007[@bb55]; van Kooyk & Rabinovich, 2008[@bb59]) and diseases such as arthritis, Alzheimer's disease and cancer (Hakomori, 2002[@bb34]; Lahm *et al.*, 2004[@bb63]; Kobata & Amano, 2005[@bb56]; Mendelsohn *et al.*, 2007[@bb86]; Nakahara & Raz, 2008[@bb90]). Their implications for the immune response make them interesting targets for vaccine development (Vliegenthart, 2006[@bb133]). All these processes require a precise recognition of the carbohydrate by the carbohydrate-binding proteins. The same applies to glycosyltransferases and glycosidases, the enzymes that build or degrade the carbohydrate chains, respectively. These enzymes must recognize their substrates precisely. The three-dimensional structures of carbohydrate--protein com­plexes can help us to understand the mechanisms of the distinction even between very similar carbohydrate residues, which often only differ in the stereochemistry of one or two C atoms.

2.. Analysis of carbohydrate and glycoprotein three-dimensional structures {#sec2}
==========================================================================

Knowledge of the three-dimensional structures of glyco­proteins or protein--carbohydrate complexes is often indispensable for a full understanding of the molecular processes that carbohydrates are involved in. Insights into the key interactions between lectins or carbohydrate-processing enzymes and their ligands are also required for the targeted development of drugs that inhibit these interactions (Lovering *et al.*, 2007[@bb76]). Therefore, X-ray crystallography (*e.g.* Delbaere, 1974[@bb21]; Jain *et al.*, 1996[@bb48]; Mølgaard & Larsen, 2002[@bb87]; Stevens *et al.*, 2004[@bb125]; Fry *et al.*, 2005[@bb31]; Smith *et al.*, 2006[@bb122]; Vulliez-Le Normand *et al.*, 2008[@bb134]) and NMR (*e.g.* Brisson & Carver, 1983[@bb13]; Cumming *et al.*, 1987[@bb20]; Sabesan *et al.*, 1991[@bb109]; Koles *et al.*, 2004[@bb58]; Petersen *et al.*, 2008[@bb97]), the latter often in combination with MD simulations (*e.g.* Höög *et al.*, 2001[@bb42]; Lommerse *et al.*, 2002[@bb73]; Eklund *et al.*, 2005[@bb26]; Siebert *et al.*, 2005[@bb120]), have been used to resolve the three-dimensional structures of carbohydrates, glycoproteins and protein--carbohydrate complexes. X-ray crystallography can also be combined with computational chemistry (Ali *et al.*, 2008[@bb1]) or NMR (Viegas *et al.*, 2008[@bb131]). Uncomplexed carbo­hydrate three-dimensional structures are mainly submitted to the Cambridge Structural Database (CSD; Allen, 2002[@bb2]), while the three-dimensional structures of glycoproteins and protein--carbohydrate complexes can be found in the Protein Data Bank (PDB; Berman *et al.*, 2000[@bb8]). The following sections will illustrate a few results that were obtained from individual structures and give an overview of attempts to statistically analyse data retrieved from sets of PDB entries.

2.1.. Information gained from individual structures {#sec2.1}
---------------------------------------------------

The functions of individual glycosylation sites are often poorly understood. Three-dimensional structures can help to obtain insights into these functions. For example, the three-dimensional structure of the intercellular adhesion molecule ICAM-2 reveals that some of its *N*-glycans are arranged in a tripod-like shape and thus are likely to be used to orient the receptor on a cell surface (Casasnovas *et al.*, 1997[@bb14]). Although the integrin-binding domain of ICAMs is glycan-free (Shi­maoka *et al.*, 2003[@bb118]), deletion of the glycosylation site at Asn23 largely decreased the binding of the leukocyte integrin LFA-1 (Jiménez *et al.*, 2005[@bb50]). The three-dimensional structure of this molecule shows that the proximal β-[d]{.smallcaps}-Glc*p*NAc of the glycan chain linked to Asn23 stacks on the aromatic ring of Trp51. This interaction contributes to the protein conformation in a way that is essential for integrin binding by ICAM-2, even though the glycan-Trp motif is located on the opposite side of the interacting surface (Jiménez *et al.*, 2005[@bb50]). A similar effect is observed for human CD2, which is a cell-surface protein that is present on T lymphocytes and natural killer cells. Human CD2 no longer binds to its counter-receptor CD58 after the removal of a glycan chain opposite the binding site (Recny *et al.*, 1992[@bb103]). In this case, the glycan chain covers an area of five surface-exposed Lys residues. Without the shielding carbohydrate, this accumulation of negative charges has a destabil­izing effect on the protein (Wyss *et al.*, 1995[@bb139]).

The involvement of carbohydrates in many immunological and pathogenic processes makes them a promising target for drug design, which requires knowledge of the three-dimensional structures of the molecules involved (von Itzstein, 2008[@bb46]). For example, UDP-galactopyranose mutase (UGM) is a key enzyme in the biosynthesis of [d]{.smallcaps}-galactofuranose ([d]{.smallcaps}-Gal*f*), a monosaccharide that forms part of the cell wall of tuber­culosis-causing mycobacteria and that is essential for their survival and infectivity (Duncan, 2004[@bb25]). [d]{.smallcaps}-­Gal*f* does not occur in mammals (de Lederkremer & Colli, 1995[@bb67]) and therefore the enzymes involved in its biosynthesis are promising candidates for antimycobacterial drugs (Yuan *et al.*, 2008[@bb144]). The three-dimensional structures of UGM reveal a mobile loop (Sanders *et al.*, 2001[@bb110]; Beis *et al.*, 2005[@bb6]), which acts as an active-site lid during catalysis (Yuan *et al.*, 2008[@bb144]). This insight opens two directions for inhibitor design: the design of molecules that prevent closure of the loop or of molecules that keep the loop closed (von Itzstein, 2008[@bb46]).

In some cases, the three-dimensional structural data can reveal novel and unexpected features of proteins. An example is the crystal structure of langerin, a cell-surface receptor with a C-type lectin domain (Chatwell *et al.*, 2008[@bb17]). A characteristic feature of C-type lectins is a calcium-dependent carbohydrate-recognition domain (Kogelberg & Feizi, 2001[@bb57]). This three-dimensional structure disclosed a novel calcium-independent carbohydrate-recognition domain in addition to the usual calcium-dependent domain (Chatwell *et al.*, 2008[@bb17]).

In contrast to information about individual structures, knowledge of general properties of carbohydrates, such as preferred conformations, can only be gained from studies of sets of three-dimensional structures, which will be the subject of the following section.

2.2.. Statistical analyses of sets of three-dimensional structures {#sec2.2}
------------------------------------------------------------------

Oligosaccharides are much more flexible than proteins or nucleic acids (Woods, 1998[@bb136]; Frank *et al.*, 2002[@bb28]). Single three-dimensional structures are therefore only a static snapshot of one of the various conformations, which might not correspond to the average solution conformation. However, sufficiently large samples of such static three-dimensional structures can yield information on the conformations that are possible for an oligosaccharide and the flexibility of the linkages, provided that no systematic changes in the linkage conformations are imposed by packing forces in the available crystals (Petrescu *et al.*, 1999[@bb99]).

Access to the complete data set of three-dimensional structures in the CSD is restricted to institutes paying a license fee, whereas the data in the PDB are freely accessible. Therefore, the analyses presented here are all based on data from the PDB. There have been several attempts to gain information on the properties of carbohydrates from statistical examinations of PDB entries, with a main focus on *N*-glycans (Imberty & Pérez, 1995[@bb43]; Petrescu *et al.*, 1999[@bb99], 2004[@bb98]; Wormald *et al.*, 2002[@bb137]). As the monosaccharide rings are rather rigid, the conformation of a glycan chain can be classified by the torsion angles of the rotatable bonds, mainly the ϕ and ψ torsions of the glycosidic linkages (Wormald *et al.*, 2002[@bb137]). For (1--6)-linked residues, there is an additional rotatable bond classified by the ω torsion (Cumming & Carver, 1987[@bb19]). In the literature, several different definitions of these torsions can be found. Therefore, one always needs to check which definition has been used in a single study. Table 1[▶](#table1){ref-type="table"} lists three frequently used definitions. The first makes use of H atoms. These are mainly seen in three-dimensional structures that have been resolved by NMR; therefore, this definition is sometimes referred to as 'NMR type'. H atoms typically cannot be resolved in X-ray structures. To measure torsions in such a three-dimensional structure, the ring O atom is used instead of the H~1~ atom in the definition of the ϕ angle, while for the ψ angle either the ring C atom preceding ('C − 1 crystallographic definition') or that following ('C + 1 crystallographic definition') the ring C atom at the linkage position is used. The values observed for the different definitions can be converted into each other by adding or subtracting 120°, depending on the stereochemistry of the ring C atoms involved. A web tool is available to perform such conversions (<http://www.dkfz.de/spec/ppc/>). In this article, the C + 1 crystallographic definition is used (see Table 1[▶](#table1){ref-type="table"}).

The first investigation of carbohydrate structures from the PDB was performed by Imberty & Pérez (1995[@bb43]). They analysed the torsion angles of 44 *N*-glycan chains taken from 29 PDB entries, focusing on the linkages between Asn and the proximal β-[d]{.smallcaps}-Glc*p*NAc residue, the Asn side-chain torsions and the ω~2~ and ω~6~ torsions (see Fig. 1[▶](#fig1){ref-type="fig"}) of β-[d]{.smallcaps}-Glc*p*NAc and the backbone conformations of the glycoproteins. Almost a decade later, Petrescu *et al.* (2004[@bb98]) performed a similar analysis using 1683 *N*-glycosylation sites. Both studies observed torsion angles of the β-[d]{.smallcaps}-Glc*p*NAc-(1--*N*)-Asn linkage of about −90° for ϕ~N~ and about 180° for ψ~N~, with ϕ~N~ occupying a broader range of conformations than ψ~N~ (see Fig. 7*a*). These results correspond well to the values measured from small-molecule crystal structures of analogues of this linkage (Lakshmanan *et al.*, 2003[@bb64]). Comparison of the Asn side-chain torsions of occupied and unoccupied *N*-glycosyl­ation sites only revealed noticeable differences in the latter study. Both occupied and unoccupied Asn side chains exhibit χ~1~ torsion angles of −60°, 60° or 180°, corresponding to the *g* ^−^, *g* ^+^ and *t* conformers (Janin & Wodak, 1978[@bb49]), respectively. The χ~2~ torsion angle (N^δ^---C^γ^---C^β^---C^α^) does not display these threefold staggered conformations because the Asn C^γ^ atom is not a tetrahedral C atom. Instead, it shows a wide distribution centred at about 180° (or 0° when defined as C^α^---C^β^---C^γ^---O as in the study by Imberty and Pérez). This distribution is much smaller for glycosylated Asn than for nonglycosylated Asn residues (see Fig. 2[▶](#fig2){ref-type="fig"}). Furthermore, the relative populations of the three conformers change upon glycosylation. In an unoccupied Asn side chain the *g* ^−^ conformer is preferred over the *t* conformer, whereas in occupied Asn the *t* conformer is found more frequently than the *g* ^−^ conformer. The *g* ^+^ conformer is the rarest in both glycosylated and non­glycosylated Asn residues (Petrescu *et al.*, 2004[@bb98]). Using the small data set that was available in 1995 these differences could not been seen, so Imberty and Pérez assumed at that time that *N*-­glycosylation does not have a significant effect on Asn side-chain conformation. These examples show that even rather small data sets can yield information on preferred conformations of glycosidic linkages, but that some specific properties may only be seen in larger data sets.

Analysis of the torsion angles of various kinds of glycosidic linkages revealed that both the preferred torsions and the degree of conformational dispersion depend on the linkage position and the participating monosaccharide residues (Petrescu *et al.*, 1999[@bb99]; Wormald *et al.*, 2002[@bb137]). Fig. 3[▶](#fig3){ref-type="fig"} shows the torsions of various linkages as present in the current version of the PDB. In this figure, as in Figs. 2, 5 and 7, only structures with a resolution of 3.0 Å or better were analysed. Furthermore, residues with mismatches between the PDB residue name and the residue type present in the three-dimensional structure (see §[](#sec3){ref-type="sec"}3) were omitted. Changing the stereochemistry of the anomeric centre (the atom to which the ring O atom is linked during ring closure; usually the C1 atom) involved in the linkage from α to β results in a shift of the ϕ angle of about 180° (Figs. 3[▶](#fig3){ref-type="fig"} *a* and 3[▶](#fig3){ref-type="fig"} *b*). In contrast, the anomer of the proximal residue does not have any significant influence on the conformation of a (1--4)-linkage (Figs. 3[▶](#fig3){ref-type="fig"} *b* and 3[▶](#fig3){ref-type="fig"} *c*). The *N*-acetyl groups of the β-[d]{.smallcaps}-Glc*p*NAc-(1--4)-β-[d]{.smallcaps}-Glc*p*NAc fragment also do not significantly affect the linkage torsions in comparison with the non-acetylated residues (Figs. 3[▶](#fig3){ref-type="fig"} *a* and 3[▶](#fig3){ref-type="fig"} *d*). It also becomes obvious from this figure that the various linkages exhibit a different degree of conformational flexibility. While for α-[l]{.smallcaps}-Fuc*p*-(1--3)-β-[d]{.smallcaps}-Glc*p*NAc linkages rather little dispersion is seen, α-[d]{.smallcaps}-Man*p*-(1--3)-β-[d]{.smallcaps}-Man*p* linkages cover a broader range of torsion angles (Figs. 3[▶](#fig3){ref-type="fig"} *e* and 3[▶](#fig3){ref-type="fig"} *f*). For α-[­d]{.smallcaps}-Neu*p*5Ac-(2--3)-β-[d]{.smallcaps}-Gal*p* linkages, two distinct conformations are clearly visible in the ϕ/ψ plot (Fig. 3[▶](#fig3){ref-type="fig"} *g*). Three energy minima are known for this linkage (Siebert *et al.*, 2003[@bb119]), but only two of them are observed in the PDB. As a result of the additional rotatable bond, most scatter is seen with 1--6 linkages (Fig. 3[▶](#fig3){ref-type="fig"} *h* and 3[▶](#fig3){ref-type="fig"} *i*). In addition to the residues involved and the linkage type, the degree of flexibility also depends on the degree of branching of a carbohydrate chain, as neighbouring branches often limit the conformational space that is accessible to a linkage (Frank *et al.*, 2007[@bb29]). Three staggered conformations are possible for the ω~6~ torsion. They are named *gg*, *gt* and *tg* (see Fig. 4[▶](#fig4){ref-type="fig"}). In monosaccharides with an axial OH group at position 4, such as [d]{.smallcaps}-Gal*p*, the *gt* conformation is most frequently observed, while monosaccharides with an equatorial 4-OH group, such as [d]{.smallcaps}-Glc*p* or [d]{.smallcaps}-Man*p*, prefer the *gg* and *gt* conformations (Petrescu *et al.*, 1999[@bb99]; Fig. 5[▶](#fig5){ref-type="fig"}).

The carbohydrate data present in the PDB not only enable the study of the conformations of *N*-glycans but also of non­covalently bound ligands. For instance, a statistical analysis of glycosaminoglycan (GAG) chains in the PDB revealed that binding of the GAG chains to receptor proteins induces a kink in the GAG backbone to provide optimal ionic and van der Waals contacts between the protein and the oligosaccharide (Raman *et al.*, 2003[@bb102]).

The rapid growth of the PDB and the concomitant growth in carbohydrate three-dimensional structures requires the development of algorithms to automatically detect carbo­hydrate components in PDB entries, as the PDB itself does not provide any methods for a targeted search for carbohydrates. Two such projects have been published to date. The first was the *pdb*2*linucs* software (Lütteke *et al.*, 2004[@bb80]), which can be accessed through the glycosciences.de web portal (<http://www.glycosciences.de>; Lütteke *et al.*, 2006[@bb78]). This software searches the three-dimensional structure file for rings, selects potential carbohydrate rings using a set of criteria (*e.g.* the number of C and O atoms in the ring, nonplanarity and the existence of exocyclic O atoms) and then builds a stereocode string to identify the monosaccharide residue type of these rings (Lütteke *et al.*, 2004[@bb80]). The detected carbohydrate chains are given in LINUCS notation, a linear and unique description of carbohydrate chains (Bohne-Lang *et al.*, 2001[@bb10]). The im­plementation of these data into the glycosciences.de database (Lütteke *et al.*, 2006[@bb78]), the former SweetDB (Loss *et al.*, 2002[@bb74]), provided the first possibility for glycoscientists to perform a targeted search for carbohydrate chains in PDB entries. The second project that aims to detect carbohydrates in three-dimensional structural data from the PDB is the *getCarbo* software (Nakahara *et al.*, 2008[@bb91]). This software uses an algorithm similar to that used by *pdb*2*linucs*. The detected carbohydrate chains are stored in the GDB:Structures database (Nakahara *et al.*, 2008[@bb91]).

About 7% of the three-dimensional structures deposited in the PDB contain carbohydrate residues (Table 2[▶](#table2){ref-type="table"}). The vast majority of the carbohydrate chains that are present in the PDB are *N*-glycans or noncovalently bound ligands. *O*-Glycan chains form a minority (Table 2[▶](#table2){ref-type="table"}). In total, about 3.5% of the proteins in the PDB carry covalently bound glycan chains and thus can be classified as glycoproteins. This stands in marked contrast to the assumption that more than 50% of all proteins are glycosylated (Apweiler *et al.*, 1999[@bb3]). There are multiple reasons for the relatively low rate of glycosylated proteins among PDB entries. Firstly, glycan chains often hamper crystal growth and thus are often removed by glycosidases beforehand (Imberty & Pérez, 1995[@bb43]; Chang *et al.*, 2007[@bb15]). Secondly, the proteins to be used for crystallization are often purified from bacterial expression systems. Most of these do not have glycosylation machinery or have machinery that differs from that of eukaryotic species (Szymanski & Wren, 2005[@bb127]; Kowarik, Young *et al.*, 2006[@bb62]; Kowarik, Numao *et al.*, 2006[@bb61]), so that proteins expressed in bacteria often are not glycosylated, even if the original protein is known to be a glycoprotein *in vivo* (von der Lieth *et al.*, 2006[@bb69]). Thirdly, as mentioned above, carbohydrates are rather flexible and therefore often do not yield sufficient electron density to be resolved in the three-dimensional structure. The presence of different glycoforms at one *N*-glycosylation site might further contribute to poor electron density. However, this should have only a minor effect, as all *N*-glycan chains share a common core structure. If glycan chains can be resolved, then often only the proximal monosaccharide units which are close to the protein can be seen in the electron-density map, as the degree of mobility of the glycan core is smaller than that of peripheral glycan residues (Lommerse *et al.*, 1995[@bb72]). This is one of the reasons why almost 80% of the *N*-glycan chains in the PDB consist of only one or two monosaccharide units (Table 3[▶](#table3){ref-type="table"}). Relatively long *N*-glycan chains are mainly found in those cases where contacts between the glycan chain and the protein or crystal contacts immobilize the carbohydrate (Petrescu *et al.*, 1999[@bb99]). Another reason why often only the first β-[d]{.smallcaps}-Glc*p*NAc residue of an *N*-glycan chain is present in the three-dimensional structure file is the fact that sometimes the glycan chains are not completely removed in order to improve crystal growth: proteins are treated with an endoglucanase that cleaves the *N*-­glycan chains after the first monosaccharide (Chang *et al.*, 2007[@bb15]).

3.. Erroneous entries {#sec3}
=====================

Unfortunately, the carbohydrate moieties in the PDB entries contain a rather large number of errors. Some years ago, a systematic study of all carbohydrate-containing PDB entries revealed that about 30% of them contain at least one error such as mismatches between the PDB residue names and the residue actually present in the three-dimensional structure, missing or surplus connectivities or surplus atoms (Lütteke *et al.*, 2004[@bb80]). Not included in that study were *N*-glycan structures, for which there is no biosynthetic pathway known, such as α-[­d]{.smallcaps}-Glc*p*NAc instead of β-[d]{.smallcaps}-Glc*p*NAc, or even more different residues within the *N*-glycan core (Fig. 6[▶](#fig6){ref-type="fig"}). Such three-dimensional structures, as well as those comprising monosaccharide units with very unusual and probably erroneous ring conformations, provide an additional number of errors in the carbohydrate structures in the PDB (Petrescu *et al.*, 1999[@bb99]; Crispin *et al.*, 2007[@bb18]; Nakahara *et al.*, 2008[@bb91]). Of course, entries containing *N*-glycan chains for which there is as yet no biosynthetic pathway known could indicate new so far undiscovered pathways. Recently, for example, α-[d]{.smallcaps}-Gal*p*NAc and β-[d]{.smallcaps}-6-deoxy-Glc*p*NAc4NAc ('bacillosamine'; β-[d]{.smallcaps}-Bac*p*) were found in a bacterial *N*-glycan core (Young *et al.*, 2002[@bb143]). However, when comparing the ϕ/ψ plots of the glycosidic torsions of β-[d]{.smallcaps}-Glc*p*NAc-(1--*N*)-Asn and α-[d]{.smallcaps}-Glc*p*NAc-(1--*N*)-Asn linkages it becomes obvious that the torsions of the latter type of linkage are significantly more widely scattered (Fig. 7[▶](#fig7){ref-type="fig"}). This is what one would expect for erroneous linkages, indicating that they are indeed most likely to be incorrect three-dimensional structures. This kind of error might be caused by improper or lacking chirality constraints on the linking C atom or by electron density being modelled without enough regard to known chemistry (Crispin *et al.*, 2007[@bb18]; Berman *et al.*, 2007[@bb7]).

Another frequent type of errors within the carbohydrate parts of PDB entries is related to the connections between atoms or residues. Superfluous entries in the CONECT records of a PDB file can lead to rather weird-looking structures and missing CONECT records can also cause problems for programs that rely on these records. Many programs, however, assign the connections between atoms by a distance-based approach or use residue libraries to assign connections of atoms within individual residues. Connections between separate residues, however, cannot be covered by residue libraries. Therefore, the correctness and completeness of the LINK records, which contain the information on inter-residue linkages (*i.e.* glycosidic linkages for carbohydrates), is much more essential than that of the CONECT records. Missing linkage information, for example, can induce refinement programs to pull residues apart. This will result in monosaccharide units with anomeric centres that are lacking a bond to an exocyclic O atom or a respective atom and thus seem to be '1-deoxy' residues (Fig. 8[▶](#fig8){ref-type="fig"} *a*). Superfluous LINK records are mainly found in structures which contain nonlinked atoms at rather close distances to each other (Fig. 8[▶](#fig8){ref-type="fig"} *b*). In contrast to missing LINK records, missing atoms cannot generally be considered as an error, as residues might be only partially resolved in electron-density maps. In some entries, however, there are atoms missing with all the surrounding atoms present in the PDB file (Fig. 8[▶](#fig8){ref-type="fig"} *c*). In such cases, the missing atoms should be considered as an error. In some glycosidic linkages, superfluous atoms are found. Linking a monosaccharide to an amino acid or another carbohydrate residue is a condensation reaction, *i.e.* the anomeric O atom is released as a water molecule and the anomeric C atom is linked to an O, N or S atom of the amino acid or the other carbohydrate residue. In some PDB entries, however, the anomeric O atoms are still present within some linkages, sometimes overlapping with the respective atom of the previous residue and sometimes in the position of the H atom that is connected to the anomeric C atom (Fig. 8[▶](#fig8){ref-type="fig"} *d*). When such superfluous atoms and missing LINK records occur together on the same residue, the problem is difficult to detect: in some PDB entries, there are individually complete monosaccharides present which are not linked to the protein or to each other, but the anomeric centre of one of the [d]{.smallcaps}-Glc*p*NAc residues is in close proximity to the N^δ2^ atom of an Asn side chain which is part of an Asn-Xaa-Ser/Thr sequon and the individual monosaccharide units are arranged in the way in which they are usually present in *N*-­glycan chains (Fig. 8[▶](#fig8){ref-type="fig"} *e*). In such cases, it is very likely that they are actually meant to be linked to each other or the protein, which is sometimes confirmed by the respective publication, which mentions *N*-­glycosylation of the protein (Yang & Bjorkman, 2008[@bb141]).

A frequent issue with carbohydrate residues in PDB entries is mismatches between the PDB residue name and the residue type present in the coordinates. The most common problem of this type is the use of the residue name MAN, which is defined in PDB files as α-[d]{.smallcaps}-Man*p*, for β-[d]{.smallcaps}-Man*p* residues. However, the latter residues should be named BMA according to the PDB residue definitions. There are 705 nonremediated PDB entries that contain a total of 1585 β-[d]{.smallcaps}-Man*p* residues. Of these, 1206 residues in 542 entries are wrongly named MAN, while only 379 residues in 167 entries are correctly called BMA. In contrast, there are only 25 α-[d]{.smallcaps}-Man*p* residues in 14 PDB entries that are wrongly named BMA, while 2555 residues of this type in 817 entries are correctly assigned as MAN. Most of these mismatches were corrected during the remediation of the PDB (Henrick *et al.*, 2008[@bb39]), but this kind of mismatch still frequently occurs in PDB entries that have been published after the remediation date. One reason for the high frequency of mismatched residue names might be the fact that the PDB file format allows only three characters for residue names, which is sufficient for amino acids or nucleotides but results in rather cryptic names for most carbohydrate residues. Monosaccharide notation usually results in longer residue names (for more information on carbohydrate notation, see McNaught, 1997[@bb85]). Furthermore, there used to be many ambiguities and redundancies within the PDB residue-name definitions; on one hand many residue names were used, for example, for both the α and the β anomeric form of a monosaccharide, while on the other hand more than one residue name existed for some monosaccharides (Lütteke & von der Lieth, 2004[@bb82]). These problems have been solved by the redefinition of residue names or by marking some residue names as obsolete, respectively, during the recent remediation of the PDB (Henrick *et al.*, 2008[@bb39]). However, this does not solve the problem of the rather cryptic three-letter codes used for carbohydrates in PDB files. Therefore, many of the mis­matches between residue names and the residues present in the three-dimensional structural data are probably caused by the selection of the wrong residue name. The name MAN (α-­[d]{.smallcaps}-Man*p*), for instance, is rather suggestive of mannose residues, while BMA (β-[d]{.smallcaps}-Man*p*) is less easily associated with a mannose. This, together with the fact that there are significantly more cases where MAN is used for β-[d]{.smallcaps}-Man*p* than cases where α-[d]{.smallcaps}-Man*p* residues are called BMA (see above), suggests that the majority of the former cases are a consequence of wrong notation rather than erroneous coordinates. However, these do exist as well, as indicated by the frequent occurrence of incorrect residues within the *N*-glycan cores (see above). The well defined primary structures of *N*-glycan cores enable a rather easy distinction between wrong names and three-dimensional structure errors within this part of carbohydrate chains. For *O*-glycans, this is often more difficult, as various different types of *O*-glycosylation exist (Spiro, 2002[@bb124]). Noncovalently bound ligands are even more difficult, as theoretically any residue could be present and thus the decision whether a mismatch is caused by a wrong residue name or erroneous coordinates cannot be made without further knowledge of the experimental conditions (in particular the ligand that was actually used in the experiment).

4.. Validation tools {#sec4}
====================

The rather large number of errors in the carbohydrate moieties of PDB entries is caused on one hand by the com­plexity of carbohydrates and on the other by the facts that few validation programs exist and that these are not used by many experimentalists. For the protein parts, various validation tools are well established, such as *WHAT_CHECK* (Hooft *et al.*, 1996[@bb41]) and *PROCHECK* (Laskowski *et al.*, 1993[@bb65]). Much later, the first validation programs to be focused on carbohydrates were published. The ***PDBCa**rbohydrate **Re**sidue Check* (*pdb-care*) software (<http://www.glycosciences.de/tools/pdb-care/>; Lütteke & von der Lieth, 2004[@bb82]) can perform some checks on connectivities (Fig. 9[▶](#fig9){ref-type="fig"} *a*), but the main focus of this tool is to locate mismatches between the carbohydrate residue names that are used in a PDB file and the residue that is actually present in the three-dimensional structure. If mismatches are found, the carbohydrate residue type as detected from the coordinates, the one that is defined by the PDB residue name used and, if present, a PDB residue name that matches the detected residue are displayed to the user (Fig. 9[▶](#fig9){ref-type="fig"} *b*). These data help the user to decide whether the residue name has to be changed or whether an error in the coordinates is present. Currently, *pdb-care* does not yet test whether a detected *N*-­glycan structure biologically makes sense, *i.e.* whether there is a biochemical pathway known to synthesize the primary structure of that glycan. Such checks can be performed with the *getCarbo* software (<http://www.glycostructures.jp/>; Nakahara *et al.*, 2008[@bb91]), which tries to match the *N*-glycan primary structures present in a PDB file with those stored in the KEGG glycan database (<http://www.genome.ac.jp/kegg/glycan/>; Hashimoto *et al.*, 2006[@bb37]) and indicates prob­lems graphically in the results files, which are sent to the user by e-mail.

The torsion angles that determine the conformation of a carbohydrate chain can be evaluated in a way similar to the Ramachandran plot (Ramachandran *et al.*, 1963[@bb100]), which is a frequently used method to evaluate the quality of the protein backbone conformation (Hooft *et al.*, 1997[@bb40]; Lovell *et al.*, 2003[@bb75]). As described in §[](#sec2.2){ref-type="sec"}2.2, the preferred conformations of a glycosidic linkage depend on the residues involved and the linkage type. Therefore, in contrast to the protein Ramachandran plot, one cannot plot all torsion angles observed in one three-dimensional structure onto one single map. Instead, various residue- and position-dependent plots are needed. These are generated by the *carp* (*Carbohydrate Ramachandran Plot*) software (www.glycosciences.de/tools/carp/; Lütteke *et al.*, 2005[@bb81]). To judge the quality of the observed torsions, comparison data are needed. These can be retrieved from the carbohydrate torsions that are present in the PDB as provided by *glyTorsion* (<http://www.glycosciences.de/tools/glytorsion/>) or from computationally generated maps retrieved from the GlycoMapsDB (<http://www.glycosciences.de/modeling/glycomapsdb/>; Frank *et al.*, 2007[@bb29]). As carbohydrate chains are rather flexible, linkages that are not present in the preferred conformation are not necessarily erroneous. Interactions with the protein surface, such as hydrogen bonds, stacking interactions or sterical hindrance, can promote a conformation that is less favourable in solution or in other glycoproteins or protein--carbohydrate complexes. Nevertheless, the carbo­hydrate Ramachandran plot can be a useful tool to identify unusual and thus potentially erroneous conformations.

In addition to the software that has primarily been written for the validation of carbohydrate three-dimensional structures, there are a number of further tools and databases available that are focused on carbohydrates and can support researchers who are working with carbohydrate three-dimensional structures. The glycosciences.de database (<http://www.glycosciences.de/sweetdb/>; Lütteke *et al.*, 2006[@bb78]) and the GDB:Structures database (<http://www.glycostructures.jp>; Nakahara *et al.*, 2008[@bb91]) can be searched for PDB entries that contain specific carbohydrate chains; KEGG Pathway (<http://www.genome.jp/kegg/pathway.html#glycan>; Kanehisa *et al.*, 2006[@bb54]) and the glycosyltransferase database of the Con­sortium for Functional Glycomics (<http://www.functionalglycomics.org/glycomics/molecule/jsp/glycoEnzyme/geMolecule.jsp>; Raman *et al.*, 2005[@bb101]) provide information on known biosynthetic pathways for glycan biosynthesis. A more thorough overview of freely available web resources related to glycobiology has recently been published elsewhere (Lütteke, 2008[@bb77]).

5.. Conclusions {#sec5}
===============

With more than 3500 entries for glycoproteins or protein--carbohydrate complexes, the PDB forms a valuable resource for glycoscientists. Insights into the molecular basis of how glycosylation influences protein properties as well as into specific interactions between proteins and carbohydrate ligands can be gained from the three-dimensional structural data. Furthermore, these data provide information on the general properties of carbohydrate chains, such as preferred conformations. Unfortunately, many errors and problems occur within the carbohydrate moieties of these PDB entries. Many of these issues can be detected automatically with the recently developed validation tools, so that researchers that do not have much experience with glycobiology can also easily locate problems within the carbohydrate moieties of three-dimensional structures. This can help users of the PDB to find high-quality structures, *e.g.* for further use in MD simulations, but in particular can help the depositors of three-dimensional structures to detect errors before they submit their coordinates to the PDB. Therefore, the frequent use of carbo­hydrate-validation tools can help to increase the quality of the carbohydrate three-dimensional structures that are present in the PDB.

This work was funded by grants from the European Union (RIDS Contract No. 011952) and the BioRange programme of the Netherlands Bioinformatics Centre NBIC, which is supported by a BSIK grant through the Netherlands Genomics Initiative (NGI). Many of the carbohydrate-validation tools mentioned in this article were developed in the group of Claus-Wilhelm 'Willi' von der Lieth in Heidelberg. Unfortunately, Willi passed away in November 2007. He was a pioneer in the glycobioinformatics field, so his unexpected death was a great loss for the glycobiology community. The author would like to dedicate this article to Willi and thank him for all his support over the years.

![Definition of glycosidic torsion angles used in this article.](d-65-00156-fig1){#fig1}

![Asn side-chain torsions of occupied *N*-glycosylation sites (*a*) and all Asn side chains (*b*). Glycosylation limits the conformational range of the χ~2~ angle and changes the relative frequencies of the three staggered conformations of the χ~1~ angle. The plot containing the occupied sites was created with *glyTorsion* (<http://www.glycosciences.de/tools/glytorsion/>; Lütteke *et al.*, 2005[@bb81]); that containing all Asn side chains was taken from the Conformation Angles Database (<http://144.16.71.148/cadb/>; Sheik *et al.*, 2003[@bb115]).](d-65-00156-fig2){#fig2}

![Comparison of glycosidic torsions as present in the PDB. It becomes obvious that the residues involved in the linkage as well as the linkage position can influence the preferred conformation. The plots were generated with *glyTorsion* (see the legend to Fig. 2[▶](#fig2){ref-type="fig"}). Number of torsions per plot: (*a*) 247, (*b*) 454, (*c*) 1356, (*d*) 2755, (*e*) 162, (*f*) 211, (*g*) 76, (*h*) 362, (*i*) 162.](d-65-00156-fig3){#fig3}

![Definition of ω~6~ conformations. The ω~6~ torsion (O~6~---C~6~---C~5~---O~5~) mainly occurs in one of the three staggered conformations, which are often referred to as the *gauche*--*gauche* (*gg*), *gauche*--*trans* (*gt*) and *trans*--*gauche* (*gt*) rotamers (adapted from Wyss *et al.*, 1995[@bb139]).](d-65-00156-fig4){#fig4}

![Conformational analysis of ω~6~ torsions as a function of the monosaccharide type. An axial hydroxyl group linked to the C~4~ atom promotes the *gt* conformation (*a*), while in residues with an equatorial hydroxyl group in this position both the *gg* and the *gt* conformations are populated (*b*, *c*). The diagrams were created with *glyTorsion* (see the legend to Fig. 2[▶](#fig2){ref-type="fig"}).](d-65-00156-fig5){#fig5}

![*N*-glycan core structure (with frequent additions) and an example of erroneous PDB data. (*a*) Carbohydrate chains that are linked to an Asn side chain (*N*-glycans) comprise a well defined core structure of two β-[d]{.smallcaps}-Glc*p*NAc, one β-[d]{.smallcaps}-Man*p* and two α-[d]{.smallcaps}-Man*p* residues ('GlcNAc~2~Man~3~ core'), displayed in bold letters. At positions 3 and/or 6 of the proximal β-[d]{.smallcaps}-Glc*p*NAc, α-[l]{.smallcaps}-Fuc*p* residues can be added ('core fucosylation'). Some residues are only present in certain species. For example, the β-[d]{.smallcaps}-Xyl*p* and α-[d]{.smallcaps}-Ara*f* residues that are linked to position 2 of β-[d]{.smallcaps}-Man*p* are found, for example, in insects, molluscs or plants but not in mammals. The core structure can be further extended (mainly by [d]{.smallcaps}-Glc*p*NAc, [d]{.smallcaps}-Gal*p*, [d]{.smallcaps}-Gal*p*NAc, [d]{.smallcaps}-Man*p*, [d]{.smallcaps}-Neu*p*5Ac, [l]{.smallcaps}-Fuc*p* or [d]{.smallcaps}-Glc*p*) at the α-[d]{.smallcaps}-Man*p* residues in a species-specific manner. (*b*) Primary structure of an *N*-glycan chain from PDB entry [3d12](http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=3d12) (Xu *et al.*, 2008[@bb140]), in which none of the residues is known at its position in *N*-glycans to date and which probably is based on misinterpretation of the electron density.](d-65-00156-fig6){#fig6}

![Comparison of observed torsion angles of β-[d]{.smallcaps}-Glc*p*NAc-(1--*N*)-Asn (*a*) and α-[d]{.smallcaps}-Glc*p*NAc-(1--*N*)-Asn (*b*) linkages. The latter linkage is not known to occur in nature, so that its presence in the PDB is probably based on erroneous coordinates. This assumption is supported by the relatively large scatter of the α-linkages in comparison to the β-linkages. The occurrence of these structures in the PDB might be based on improper or lacking chirality restraints on the linking C atom. The plots were generated with *glyTorsion* (see the legend to Fig. 2[▶](#fig2){ref-type="fig"}).](d-65-00156-fig7){#fig7}

![Examples of errors in carbohydrate chains in the PDB. (*a*) Missing LINK records can result in too large distances between individual residues (PDB entry [1eqh](http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=1eqh); Selinsky *et al.*, 2001[@bb113]). (*b*) Superfluous LINK records can be found when nonlinked atoms are rather close in space (PDB entry [1apy](http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=1apy); Oinonen *et al.*, 1995[@bb93]). (*c*) In entry [1pxx](http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=1pxx) (Rowlinson *et al.*, 2003[@bb106]), the C~1~ atom is missing, although all three surrounding atoms are resolved in the three-dimensional structure. (*d*) Superfluous atoms (cyan) are sometimes found within glycosidic linkages (Dellisanti *et al.*, 2007[@bb22]). (*e*) When individual unconnected residues are arranged in a way that is usually found in *N*-glycan chains, they probably should be linked to each other, which would result in a deletion of the O~1~ atoms (PDB entry [3d2u](http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdb&pdbId=3d2u); Yang & Bjorkman, 2008[@bb141]).](d-65-00156-fig8){#fig8}

![Examples of *pdb-care* error messages. (*a*) Connectivities check. Atoms that are linked to too many other atoms are labelled in red, while bond lengths that are not within a user-defined tolerance range are marked in blue. (*b*) Validation of residue names. Mismatches between the detected residue type and the PDB residue name are listed together with the correct name for the detected residue, if present.](d-65-00156-fig9){#fig9}

###### Overview of frequently used definitions of glycosidic torsion angles

  Angle                  NMR style                      C − 1 crystallographic style     C + 1 crystallographic style
  ---------------------- ------------------------------ -------------------------------- --------------------------------
  ϕ                      H~1~---C~1~---O---C′~*x*~      O~5~---C~1~---O---C′~*x*~        O~5~---C~1~---O---C′~*x*~
  ψ                      C~1~---O---C′~*x*~---H′~*x*~   C~1~---O---C′~*x*~---C′~*x*−1~   C~1~---O---C′~*x*~---C′~*x*+1~
  ψ \[(1--6)-linkage\]   C~1~---O---C′~6~---C′~5~       C~1~---O---C′~6~---C′~5~         C~1~---O---C′~6~---C′~5~
  ω                      O---C′~6~---C′~5~---H′~5~      O---C′~6~---C′~5~---C′~4~        O---C′~6~---C′~5~---O′~5~

###### Overview of the numbers of carbo­hydrate-containing entries, carbo­hydrate chains and residues (monosaccharide units) found in the PDB (adopted from Lütteke & Frank, 2009[@bb79])

The count values are based on the PDB release of March 2008, which contained about 50 000 entries.

             *N*-glycan   *O*-glycan   Ligand   Total
  ---------- ------------ ------------ -------- -------
  Entries    1595         182          2142     3561
  Chains     6398         783          5277     12458
  Residues   12399        912          9400     22711

###### Chain length (number of residues in the chain) of carbohydrate chains in the PDB

The table lists the number of chains of a certain length found in the PDB release of March 2008 (adopted from Lütteke & Frank, 2009[@bb79]).

  Length   *N*-glycan   *O*-glycan   Ligand   Total
  -------- ------------ ------------ -------- -------
  1        3575         707          3044     7326
  2        1456         50           1240     2746
  3        672          13           504      1189
  4        203          5            205      413
  5        184          4            176      364
  6        143          2            53       198
  7        74           2            24       100
  8        49           ---          17       66
  9        35           ---          5        40
  10       6            ---          3        9
  11       1            ---          3        4
  12       ---          ---          1        1
  15       ---          ---          2        2

[^1]: Current address: Institute of Biochemistry and Endocrinology, Justus-Liebig University Giessen, Frankfurter Strasse 100, 35392 Giessen, Germany.
